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Many of the exciting properties of strongly correlated materials are intricately linked to 
quantum critical points in their phase diagram. This includes phenomena such as high 
temperature superconductivity,1,2 unconventional superconductivity in heavy fermion 
materials, 3 as well as exotic nematic states in Sr3Ru2O7.4 One of the experimentally most 
successful pathways to reaching a quantum critical point is tuning by magnetic field 
allowing studies under well-controlled conditions on ultra-clean samples. Yet, 
spectroscopic evidence of how the electronic states change across a field-tuned quantum 
phase transition, and what the importance of quantum fluctuations is, is not available so 
far. Here we show that the surface layer of Sr2RuO4 is an ideal two-dimensional model 
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system for a field-tuned quantum phase transition. We establish the existence of four van 
Hove singularities in close proximity to the Fermi energy, linked intricately to 
checkerboard charge order and nematicity of the electronic states. Through magnetic 
field, we can tune the energy of one of the van Hove singularities, with the Lifshitz 
transition extrapolated at ~32T. Our experiments open up the ability to directly study 
spectroscopically the role of quantum fluctuations at a field-tuned quantum phase 
transition in an effectively 2D strongly correlated electron material. Our results further 
have implications for what the leading instability in Sr2RuO4 is, and hence for 
understanding the enigmatic superconductivity in this material. 
 
The occurrence of quantum criticality is often connected to van Hove singularities 
(vHs) in the electronic structure close to the Fermi energy (EF). Tuning such a van Hove 
singularity to the Fermi energy leads to a Lifshitz transition that can explain many of the exotic 
properties of quantum materials5–9. The Lifshitz transition is associated with a large change in 
the density of states (DOS) at the Fermi level together with a change in Fermi surface topology, 
leading to a quantum phase transition.  For a magnetic-field tuned Lifshitz transition, this 
mechanism requires a van-Hove singularity within a few meV of EF, so that a Zeeman splitting 
can drive one spin sub-band of the vHs to EF as illustrated in Figure 1a. Yet in many materials, 
it remains unclear whether the properties attributed to the quantum critical point are driven by 
quantum fluctuations, or simply a consequence of the Lifshitz transition in a single particle 
picture. Spectroscopic detection of the changes in the DOS in such a scenario would enable 
clarification of the role of quantum fluctuations in the Lifshitz transition, as well as provide the 
opportunity to test theories aiming at describing quantum criticality and the role of quantum 
fluctuations.  
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In this work, we show that the surface layer of Sr2RuO4 is an ideal model system to 
study a magnetic-field tuned Lifshitz transition. Whilst the bulk of Sr2RuO4 is a superconductor 
with a transition temperature 𝑇𝑐~1.5 K,10 the clean surface exhibits a reconstruction 
suppressing superconductivity.11 We use ultra-low temperature scanning tunneling microscopy 
(STM) to demonstrate that the electronic structure of the surface layer enters a new emergent 
phase that cannot be explained simply by the structural change of the surface. We identify a 
checkerboard charge order concomitant with nematicity of the low energy electronic structure, 
giving rise to four vHs within 5 mV of the Fermi energy. In tunneling spectra in magnetic fields 
up to 13.4 T and at temperatures down to 50 mK, we observe a clear magnetic-field-induced 
splitting of the most prominent vHs, which can be tuned towards the Fermi level. 
Results 
The crystal structure of Sr2RuO4 consists of single layers of RuO2 sandwiched between 
SrO layers, with a tetragonal unit cell.12 The bulk Fermi surface of Sr2RuO4, represented in 
Figure 1b, has been established by quantum oscillations13 and confirmed by angle-resolved 
photoemission spectroscopy (ARPES)14,15. It is mainly made up of the 4d t2g states of the Ru 
atoms, where the 2D dxy band (yellow line) has a vHs at the M-point of the Brillouin zone (BZ). 
The energy of the bulk vHs has been estimated at about 14 meV above EF16 and leads to a peak 
in the DOS (solid line in Figure 1c).  
The surface layer of Sr2RuO4 exhibits a 6° rotation of the RuO6 octahedra17 (Figure 1c, 
left inset). This rotation doubles the size of the unit cell and modifies the Fermi surface (Figure 
1d) and band dispersion so that the vHs is shifted below EF14 (Figure 1c, dashed line).  
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Figure 1e shows a topographic image of Sr2RuO4, recorded at a temperature of 76mK, 
showing a SrO-terminated surface18,19 with atomic resolution and demonstrating a low 
concentration of point defects (less than 0.1%). We find defects at the Ru site with two distinct 
orientations due to the octahedral rotation. The Fourier transform of the topography (upper 
inset in Figure 1e), shows the presence of quasiparticle interference (QPI), as well as Bragg 
peaks at (0, 2𝜋) due to the Sr lattice, and peaks at (𝜋 , 𝜋) from a modulation of the charge 
 
Figure 1: Field tuning of a van Hove singularity and the surface of Sr2RuO4. a, Representation of the 
splitting of a van Hove singularity in magnetic field B. Red and blue curves represent the vHs with 
opposing spin species split by 𝛥𝐸 = 𝑔∗𝜇𝐵𝐵𝑧. b, Calculated bulk Fermi surface of Sr2RuO4 with the dxy 
band highlighted in yellow and the dxz/dyz bands shown in black. c, Representation of the signature in 
DOS of the vHs of bulk Sr2RuO4 (solid line), which occurs above EF. Insets show the RuO6 octahedra, 
which in the bulk (right side) have the same orientation at each lattice site (black=Ru, red=O). The 
rotation of the RuO6 octahedra at the surface, shown on the left, shifts the vHs below EF (dashed line). d, 
Calculated Fermi surface of the surface layer of Sr2RuO4, showing the folded dxy band in yellow. The 
dashed black lines represent the new Brillouin zone due to the surface reconstruction. e, Topography of 
the surface of Sr2RuO4, showing the Sr square lattice superimposed with an intensity modulation between 
adjacent Sr atoms, shown in more detail in the lower inset (𝑉set = −5 mV, 𝐼set = 50 pA, scale bar: 5 nm). 
The upper inset shows the corresponding Fourier transform with Bragg peaks corresponding to the Sr 
lattice at (0,2𝜋) (black circle). Additional peaks at (𝜋, 𝜋) (red circle) coincide with the periodicity of the 
reconstructed surface (reciprocal lattice vectors in units of 1/𝑎, where 𝑎 is the lattice parameter of 
Sr2RuO4). f, Tunneling spectrum g(V) acquired on the SrO-terminated surface of Sr2RuO4, measured at 
76 mK. Red arrows mark the characteristic spectroscopic features of this termination (𝑉set = 100 mV, 
𝐼set = 265.2 pA, 𝑉L = 1.75 mV).  
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density (lower inset in Figure 1e) with the periodicity of the surface reconstruction. This 
modulation has been observed previously at the surface of Sr2RuO4,18 as well as at that of 
Sr3Ru2O7.20 However, there is no obvious explanation for how the octahedral rotation leads to 
a charge modulation.   
A typical differential conductance spectrum g(V) in the range +/-80 mV is presented in 
Figure 1f. Here, kink- and gap-like features are observed at ±43 meV and ±5 meV respectively. 
The latter is associated with a reduction of the differential conductance by almost 30%. The 
spectra, as well as the absence of a superconducting gap, are in agreement with previous 
reports21–23. 
The additional modulation of the charge density leads to pronounced signatures in 
spectroscopic maps: while topographic images obtained at positive bias voltage show 
predominantly the Sr lattice (Figure 2a), differential conductance maps exhibit a clear 
checkerboard charge modulation superimposed to this lattice at bias voltages close to EF 
(Figure 2b, c). The checkerboard exhibits a contrast inversion across the Fermi energy. We plot 
in Figure 2d the energy dependence of the intensity of the checkerboard analyzed through a 
phase-referenced Fourier transformation (PR FFT, see S2C), which provides information about 
the amplitude and phase of the modulation. The amplitude of the checkerboard exhibits a 
pronounced maximum at -3.5mV with a width of only about 1mV and a weaker maximum at 
+3.5mV of similar width but with opposite phase. The phase change is consistent with what 
one would expect for a charge density wave.24 
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Comparison of the checkerboard charge order centred at the Sr sites with the structure 
of the surface layer shows that the emergence of this charge order is equivalent to a reduction 
of C4 symmetry to C2 symmetry (Figure 3a) as a consequence of the octahedral rotation. The 
broken C4 symmetry means that the oxygen atoms become inequivalent in the [10] and [01] 
directions, as indicated in Figure 3a, resulting in nematicity of the low energy electronic states. 
This emergent nematicity is confirmed experimentally through unidirectional periodic 
modulations with atomic periodicity (Figure 3b, c) and anisotropy of the low-q quasi-particle 
interference (Figure 3d-i). The atomic scale symmetry breaking reveals that for changes in the 
 
Figure 2: Checkerboard charge order in the surface layer of Sr2RuO4. a, Topography obtained at 
Vs=7 mV showing the Sr square lattice. b, c, Real-space spectroscopic maps 𝑔(𝒓, 𝑉) in the same region 
as in a at V=-3.5mV and V=+3.5mV, respectively. At -3.5 mV, a strong checkerboard charge order is 
observed. At +3.5 mV, the order is seen with opposite phase (T=56 mK, Vset=7.0 mV, Iset=250 pA, 
VL=495 μV, scale bar: 1 nm). d, Energy dependence of the Fourier peak at qckb=(π, π) due to the 
checkerboard charge order in the phase-referenced Fourier transformation. qckb is indicated by a red 
circle in the inset showing the Fourier transformation ?̃?(𝒒, 𝑉) of the conductance map. Two peaks at 
-3.5mV and +3.5 mV with opposite phase and a full width at half maximum of ~1mV can be seen for 
maps taken at T=2K and 56 mK. The intensity of the two maps is normalized to the value at the bias 
setpoint (see S2 for details). 
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bias voltage of about 1mV the atomic-scale unidirectional periodicity changes direction 
between the high-symmetry directions [10] and [01]. This is also confirmed in the intensity of 
the atomic peaks (Fig. S4).  The symmetry breaking of long-wavelength quasi-particle 
interference is seen in a real-space map around four defects (Figure 3d-i, defects marked by 
black crosses) and reveals a change from predominant quasiparticle scattering along [10] to 
scattering along [01] and back as a function of energy.  
To understand the microscopic consequences nematicity and the observed charge 
modulation have on the electronic structure of this system, we have performed tight-binding 
simulations of the band structure of the surface of Sr2RuO4, accounting for the surface 
 
Figure 3: Nematicity and the equivalence of C4 symmetry breaking. a, Model of the surface atomic 
structure with the checkerboard charge order. The charge order on the Sr lattice combined with the 
octahedral rotations leads to a broken C4 symmetry, which renders the oxygen atoms along the [10] 
and [01] directions (labelled Ox and Oy) inequivalent. b, c, Nematicity in the atomic scale charge 
modulations (T=1.8 K , Vset=7.8 mV, Iset=500 pA, VL= 370 μV, scale bar: 1nm). d-i Real space images 
showing directional quasi-particle interference near defects (T=56 mK, Vset=6.4 mV, Iset=225 pA, 
VL=398 μV, scale bar: 5nm). 
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reconstruction and with hopping parameters optimized against ARPES data15. The surface 
reconstruction and the checkerboard charge order (Figure 2) are accounted for by including a 
weak intraband hybridization (Δhyb). We account for the broken symmetry along the [10] and 
[01] lattice directions (Figure 3) through inclusion of a phenomenological nematic order 
parameter nem = nem(cos(kx) – cos(ky)), which we apply only to the relevant dxy orbital. A 
similar order parameter has previously been introduced to describe nematicity in Sr3Ru2O7.25  
The full Hamiltonian is then  
𝐻(𝑘) =  (
𝐻Ru(k) + Δnem𝐼𝑥𝑦 Δhyb𝐼
Δhyb𝐼 𝐻Ru(k + Q) +  Δnem𝐼𝑥𝑦
), 
where 𝐻Ru(k) is the Hamiltonian for the ruthenium 4d bands in the unreconstructed 
Brillouin zone26, and Q = () accounts for the doubling of the unit cell (for details see S3). 
The band structure, calculated from Eq. 1, is presented for the most relevant part of the 
Brillouin zone around the M point in Figure 4a. We follow the notation by van Hove27 to label 
the resulting four van Hove singularities in the band structure: nematicity results in two saddle 
points, 𝒮1 and 𝒮2, on the high symmetry axis at the M point, whereas hybridization leads to a 
partial gap structure with a band maximum ℳ and an additional saddle point 𝒮3 around EF. 
This can be seen from a 3D representation of the band structure around the M point (Figure 
4b). The partial drop in the g(V) spectrum around EF, observed in Figure 1f, is naturally 
explained by the hybridization of the Ru dxy-bands caused by the doubling of the unit cell. 
These four singularities lead to maxima in the density of states (see Figure 4c) in excellent 
agreement with the structure of the low energy g(V) spectrum.  
(1) 
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Having identified the presence and origin of the van Hove singularities at the surface 
of Sr2RuO4, we investigate the influence of an applied magnetic field, focusing on the behavior 
 
Figure 4: Identification and field-tuning of van-Hove singularities. a, b, Band structure around 
the M point from the tight-binding model of the surface of Sr2RuO4 including an intraband 
hybridization potential and nematic order parameter as discussed in the main text. b shows the three 
dimensional band dispersion around the M point within 20 meV of EF. The blue shaded regions 
indicate the location of the vHs, and reveal the presence of three saddle-point-type vHs’s and one 
maxima-type-vHs (labelled 𝒮1, 𝒮2, 𝒮3 and ℳ in a). Red lines indicate the path shown in a. c, Upper 
panel: Density of states calculated from the model in a and b, highlighting the four vHs. The lower 
panel shows a tunneling spectrum (Vset=8.2 mV, Iset=500.2 pA, VL=155 𝜇V , T=56 mK), revealing a 
gap-like structure and four distinct peaks which can be associated with the predicted vHs. d, 
Tunneling spectra recorded at a temperature of 76mK in magnetic fields normal to the surface 
(parallel to the c-axis of the crystal) from 0T to 13.4T, focusing on the most intense vHs (ℳ) at -
3.4mV (Vset=5 mV, Iset=225 pA, VL=100 𝜇V). e, Peak position of ℳ as a function of field extracted 
from fits of Lorentzian peaks to the spectra (see supplementary S4). It reveals a splitting and linear 
magnetic field dependence as expected for a Zeeman-split state with g*~3 (error bars are 95% 
confidence intervals of the fits).  
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of the most prominent vHs, ℳ, at -3.4 mV. Figure 4d shows tunneling spectra recorded in 
magnetic fields from 0T to 13.4T, applied perpendicular to the surface. The spectra reveal a 
clear splitting of the vHs with increasing magnetic field. In Figure 4e, the field-dependence of 
the energy of the vHs reveals a linear behavior as expected for a Zeeman-like splitting. We find 
the slope to be +0.10 mV/T for the peak moving towards the Fermi energy and -0.07mV/T for 
the one moving away. The difference in slope can be attributed to an overall chemical potential 
shift of the dxy band of 17𝜇V/T to ensure charge conservation. Taking this into account, we 
find a g-factor of g*~3 (with the splitting Δ𝐸 = g∗𝜇𝐵𝐵𝑧). This value is consistent with the 
known Wilson ratio of bulk Sr2RuO4.28 From our experimental data, we can extrapolate that 
the vHs will cross the Fermi energy at a magnetic field of about 32T. At this field, the surface 
layer is expected to undergo a Lifshitz transition. As the energy of the van Hove singularity is 
associated with the checkerboard charge order, once it is split in a magnetic field, the charge 
order becomes spin-polarized. Our measurements demonstrate that the electronic structure of 
the reconstructed surface layer of Sr2RuO4 has all the ingredients for quantum critical behavior 
as described in the model in Figure 1a: (1) a vHs close to the Fermi energy, (2) the energy of 
the vHs can be tuned by magnetic field towards the Fermi energy, and (3) a Lifshitz transition 
of the electronic structure within reach of available magnetic fields.  
Discussion 
Our measurements show how the electronic structure of a two-dimensional model 
system evolves on approaching a magnetic-field induced Lifshitz transition, making it 
effectively a quantum simulator to study field-tuned quantum phase transitions. We can explain 
the surface electronic structure well by a phenomenological tight-binding model that 
incorporates the two orders we detect, nematicity and checkerboard charge order and 
reproduces all features we observe in our data. It naturally explains the pronounced gap-like 
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feature seen in tunneling spectra. What the model does not provide is an explanation for the 
origin of the checkerboard order and nematicity, and which of the two dominates, if either. 
Possible mechanisms include (1) nematicity driven by electron correlations, (2) charge order 
driven by nesting or a lattice distortion, (3) a cooperative effect of both, and (4) an 
antiferromagnetic order with formation of a spin-density wave, which stabilizes the 
checkerboard order and nematicity. For the first three scenarios, one would expect a significant 
structural distortion accompanying these, as is seen for charge density waves or nematicity in 
other systems. A structural distortion in the surface layer of Sr2RuO4 beyond the octahedral 
rotation has not been reported so far.29 In a scenario where magnetic order or fluctuations drive 
nematicity and charge order, one would still expect a structural distortion, though much 
smaller.  
A comparison with Sr3Ru2O7 reveals intriguing parallels: Sr3Ru2O7 exhibits a similar 
(albeit larger) octahedral rotation, and the energy of the vHs as detected by ARPES occurs at 
an energy below EF30, close to the energy at which we find the dominant vHs in the surface 
layer of Sr2RuO4. Due to stronger correlations and a g-factor of g*≈14.6 in Sr3Ru2O7,31 the vHs 
can be tuned to the Fermi energy at 8T, whereas in the surface layer of Sr2RuO4, we find a g-
factor that is almost 4 times smaller. Consequently, the vHs is expected to reach the Fermi 
energy only at 32T. It remains to be seen whether the parallels go any further when the surface 
layer in Sr2RuO4 undergoes the Lifshitz transition. There are also important differences though, 
including that the system we report here is strictly two-dimensional which puts the criticality 
of the Lifshitz transition into a different universality class than what is expected for the bulk of 
Sr3Ru2O7. 
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Consistent with previous studies of the reconstructed surface,21,22 we do not observe 
any evidence for superconductivity, indicating that the emergent electronic order suppresses 
superconductivity in the surface layer. This may imply that the density of states of the dxy band 
around EF, which becomes gapped out at the surface, and the fluctuations associated with the 
reconstruction play a crucial factor in superconducting pairing. This scenario naturally results 
in a competition of nematicity and the charge density modulations with superconductivity, 
reminiscent to what is found in other strongly correlated electron systems3,32,33. Understanding 
the leading superconducting instability in this highly debated material therefore undoubtedly 
will have to account for this susceptibility towards density wave formation as observed in other 
unconventional superconductors. 
Conclusion 
Using the surface layer of Sr2RuO4 as a two-dimensional model system to study 
magnetic-field induced critical points and Lifshitz transitions provides a new well-controlled 
test bed to compare microscopic theories to experiment. Because the emergent surface phase 
is strictly two-dimensional, limited to the surface layer, all relevant information about the 
electronic states across the quantum phase transition are accessible spectroscopically. 
Magnetic-field tuned Lifshitz transitions have been proposed to be at the heart of the quantum 
critical behavior in a range of heavy fermion and strongly correlated electron materials, yet the 
ability to spectroscopically trace the electronic structure across a field-tuned quantum phase 
transition has remained elusive. Given the sensitivity of the energy of the van-Hove singularity 
in Sr2RuO4 to uniaxial strain,34 we expect that the magnetic field at which the surface undergoes 
the quantum phase transition can be reduced substantially by combining uniaxial strain with 
magnetic field. This creates the opportunity to spectroscopically verify the role of quantum 
fluctuations near a field-tuned quantum critical point, and provides important insights into the 
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leading instabilities of Sr2RuO4 with important implications for its enigmatic superconducting 
state. 
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